Introduction
The sense of taste plays a critical role in the life and nutritional status of humans and other organisms. Human taste perception may be categorized according to four well-known and widely accepted descriptors, sweet, bitter, salty and sour (corresponding to particular taste qualities or modalities), and two more controversial qualities: fat and amino acid taste. The ability to identify sweet-tasting foodstuffs is particularly important as it provides us and other vertebrates with a means to seek out needed carbohydrates with high nutritive value. The perception of bitter, on the other hand, is essential for its protective value, enabling humans to avoid potentially deadly plant alkaloids and other environmental toxins. The focus of this review is on recent advances in our understanding of the transduction elements and signaling mechanisms underlying bitter and sweet taste transduction (see Figure 1 ).
The sensations of bitter and sweet tastes are initiated by the interaction of sapid molecules ('tastants') with G protein coupled receptors (GPCRs) in the apical membranes of taste receptor cells (TRCs). TRCs are specialized epithelial cells with many neuronal properties including the ability to depolarize and form synapses. TRCs are typically clustered in groups of 100 within taste buds. The apical surface of TRCs, which makes contact with the oral cavity, is rich in convoluted microvilli containing GPCRs, ion channels and other transduction elements.
The basolateral aspect of TRCs contains ion channels and synapses with afferent taste nerves.
Bitter Transduction
4 named T2Rs or TRBs (so-called as the second family of taste receptors identified) [1, 2] . The T2R/TRB GPCRs map to regions of human and mouse chromosomes implicated genetically in sensitivity to various bitter compounds [3, 4, 5] . T2R/TRB receptors are only distantly related to other GPCRs such as the V1R vomeronasal receptors, and display 30-70% identity within the gene family. These receptors have the greatest conservation in their cytoplasmic loops and their adjacent transmembrane segments (predicted sites of G protein interaction), and the greatest divergence in their extracellular regions (potential regions of ligand binding).
In rat and mouse T2R/TRB receptors are expressed in ~15-20% of TRCs in taste buds of the circumvallate and foliate papillae and the palate, but in very few TRCs in fungiform papillae [1] . Based on in situ hybridization with mixed vs. individual T2R/TRB probes it was concluded that most T2R/TRB receptors are expressed in the same TRCs [1, 2] . T2R/TRB receptors are only found in TRCs positive for expression of gustducin (a G protein implicated in bitter taste) (see Figure 2 ) [1] .
One murine T2R/TRB receptor (mT2R5) when expressed in heterologous cells, responded to bitter cycloheximide at a concentration comparable to the murine threshold for aversion [6] . mT2R5 was found to couple selectively to α-gustducin vs. other G protein α-subunits. Taste responses were obtained from only one other T2R/TRB-transfected cell: a human/mouse orthologous pair, hT2R4/mT2R8, apparently encodes a receptor responsive to denatonium and 6-n-propyl-2-thiouracil (PROP). However, the concentration of denatonium required to stimulate this receptor was more than three orders of magnitude higher than the human threshold for detection, suggesting that another GPCR is likely to be the "denatonium"
receptor.
by guest on http://www.jbc.org/ Downloaded from G proteins and effector enzymes α-Gustducin is an α-transducin-like G protein α-subunit selectively expressed in ~25-30% of TRCs [7, 8] . In vitro biochemical assays and in vivo analysis of α-gustducin knockout mice have shown that α-gustducin is involved in bitter taste transduction [9, 10] . bitter compounds lead to a gustducin-mediated decrease in taste tissue cNMP levels [12] .
In response to bitter compounds, gustducin's βγ-subunits (identified as Gβ3 and Gγ13) mediate an increase in taste tissue levels of inositol trisphosphate (IP 3 ) and diacyl glycerol (DAG) [13, 14] . This response is blocked by antibodies directed against Gβ3, Gγ13 or PLCβ2 [13] [14] [15] , implicating all three of these proteins in this taste response -control antibodies or antibodies directed against α-gustducin had no effect on IP 3 or DAG generation. Consistent with their role in an IP 3 /DAG taste signalling pathway α-gustducin, Gβ3, Gγ13 and PLCβ2 colocalize in large part in TRCs [16, 17] .
In addition to α-gustducin several G protein α-subunits have been identified in TRCs (e.g. Gα i-2 , Gα i-3 , Gα 14 , Gα 15 , Gα q , Gα s and α-transducin [7, 11, 18] ). One or more of these G protein α-subunits may play a role in bitter taste transduction since α-gustducin knockout mice retain residual responsiveness to bitter compounds [10] . Furthermore, transgenic expression of a dominant-negative form of α-gustducin from the gustducin promoter further decreased the 6 residual responses of α-gustducin knockout mice, apparently by inhibiting T2R/TRB interactions with other TRC-expressed G protein α-subunits. and release of Ca ++ from internal stores followed by neurotransmitter release [22] . These pathways are diagrammed in Figure 1 .
Transduction pathways

Sweet Transduction Receptors
The receptors underlying sweet taste have only just now been identified based on earlier genetic mapping of sweet taste response loci [23] [24] [25] [26] and recent data mining of human and mouse DNA sequence databases [27] [28] [29] [30] . It has been known for some three decades that inbred strains of mice such as C57BL/6 and DBA/2 differ markedly in their ingestive responses to solutions containing the artificial sweetener saccharin [31, 32] . The murine loci for sac (determines preference and electrophysiological responsiveness to saccharin, sucrose and other 7 sweeteners) and dpa (determines preference and responsiveness to D-phenylalanine) were known to be the major genetic factors that determine differences between sweet-preferring and sweetindifferent strains of mice [5, [33] [34] [35] . Fuller [33] first proposed the existence of a single saccharin preference gene, sac, to explain the differences exhibited by C57BL/6 and DBA/2 to ingestion of solutions of saccharin covering a wide concentration range. Both dpa and sac were
shown to affect peripheral nerve responses to sucrose [24] , suggesting that either or both genes might encode a taste receptor or some other taste transduction element. Sac has been mapped to the distal end of mouse chromosome 4, and dpa mapped to proximal 4 [23] [24] [25] [26] .
In one approach to identify candidates for sac, all genes present within a region of ~1 million bp of the sequenced human genome syntenous to the sac region of mouse were identified and ordered into a contiguous stretch of DNA (a "contig") [27] . From this search T1R3 (human taste receptor family 1, member 3), a previously unknown GPCR and the only GPCR in this region of the genome, was identified as the most likely candidate for sac. T1R3 is ~30% related to T1R1 and T1R2, two "orphan" GPCRs selectively expressed in TRCs [36] . T1R3 was also identified independently in searches for novel TRC-expressed GPCRs that mapped to the region of the human genome syntenous to the murine sac region [28, 30] , as well as by an RT-PCR search for novel taste receptors [29] . As befits a taste receptor, T1R3 and/or the murine ortholog (T1r3) were shown to be expressed selectively in TRCs within fungiform, foliate and circumvallate papillae [27] [28] [29] [30] . Double in situ hybridization showed that T1r3 was co-expressed with T1r1 in anterior TRCs and with T1r2 in posterior TRCs [28, 37] .
By comparing the sequence of T1r3 from several independently derived strains of mice eight amino acid polymorphisms were identified, however, only two of these polymorphisms differentiated all taster strains of mice from all non-taster strains [27] [28] [29] [30] 37] . These two 8 polymorphisms occur within a specific portion of the N-terminal extracellular region of T1r3 that based on homology with mGluR1 (metabotropic glutamate receptor 1) and the known structure of the N-terminal domain of mGluR1 [38] is predicted to be involved in GPCR dimerization.
T1r3 from non-tasters is predicted to contain an extra N-terminal glycosylation site that according to models of T1r3's structure would preclude its hetero-or homo-dimerization (see Figure 3 ) [27] . The conclusion from the earlier studies [27] [28] [29] [30] was that T1r3 is a strong candidate for sac, and based on the molecular models it was predicted to be a sweet-responsive (i.e. sweet-liganded) taste receptor [27] . Furthermore, it was predicted that the related T1r1 and T1r2 receptors would also be involved in sweet or amino acid taste [27] . Confirmation that T1R3 is sac has come recently from the conversion of non-taster mice into tasters by the [37] .
G proteins and effector enzymes
Several biochemical and electrophysiological studies have implicated G s , adenylyl cylcase and cAMP in TRC responses to sweet tastants [39] [40] [41] [42] [43] [44] [45] [46] ; one study has implicated PLCβ2
and IP 3 /DAG in sweet taste [22] (for further details see Figure 1 and Transduction pathways, [27] . The discrepant results obtained by these different techniques may be due to differences in sensitivity. The effector enzymes and second messengers in T1r-mediated sweet pathways are not known at present.
Transduction pathways
Based on biochemical and electrophysiological studies of taste cells [22, [39] [40] [41] [42] [43] [44] [45] [46] Figure 1 ) coexist in the same TRCs: sweet-responsive TRCs from rat circumvallate papillae had an influx of Ca ++ in response to sucrose, while the artificial sweeteners saccharin and SC45647 elevated Ca ++ via release from internal stores [22] . These sweet-responsive TRCs did not respond to any bitter stimuli [22] . was modeled based on the solved structure of the ATD of mGluR1 [38] . The model shows a
T1r3 homodimer. Based on recent results [37] it is likely that T1r3 also heterdimerizes with 
